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Abstract
An investigation was conducted to determine the effect of temperature and composition on alloy softening in group VIA m e t a l s C r , Mo, and W alloyed with Re. Results showed that alloy softening was similar in all three alloy systems occurring at homologous temperatures less than 0. 16 and at Re concentrations less than 16 atom percent. Rhenium content required to produce a hardness minimum diminished rapidly in all three systems with increasing test temperature. The similarities in hardness behavior in these three alloy systems suggest a common softening mechanism which may arise from lowering the Peierls stress.
INTRODUCTION
The phenomenon of alloy softening observed in body-centered-cubic (bcc) alloys at low temperatures and at low alloy concentrations is now considered to be the rule rather than the exception. For example, alloy softening has been observed in bcc iron by Christ Alloy softening has been observed in bcc metals only at temperatures less than 0.2 Tm, the temperature range where a rapid increase in flow stress with decreasing temperature normally occurs for the unalloyed metals. Investigators are not in agreement as to the mechanism that produces alloy softening. Two explanations that have received the most consideration are (1) lowering the Peierls stress, which is assumed to be high for bcc metals and (2) scavenging of interstitial impurities.
The previous studies have identified numerous solute additions which produce alloy softening C n bcc metals, but, because of the limited number of tests conducted, these studies have not determined the combinations of solute content and temperature under which alloy softening can be expected. Hardness testing provides a simple and expedient method of determining an indication of mechanical properties of metals and only a small amount of material is needed to characterize an alloy system over a wide range of temperature and composition. The purpose of this investigation was to determine the effects of temperature and composition on alloy softening in the group VIA metals chromium, molybdenum, and tungsten alloyed with rhenium. These alloy systems a r e of particular interest because of the associated beneficial effect of rhenium in lowering the ductile-brittle transition temperature of group VIA metals (ref. Tensile tests were conducted on Mo-Re alloys to permit a direct comparison between hardness and yield stress to determine the validity of using hardness as a measure of flow stress for the alloys studied.
Re contents ranged from zero up to the maximum solubility of Re in each of the group VIA metals. Test temperatures ranged from 0.02 to 0.2 Tm of the unalloyed metal. A microhardness testing unit was modified to permit testing over the desired temperature range. Hardness was measured for approximately 14 alloys from each system at six test temperatures. 
Materials
The unalloyed metals and alloys studied in this program are presented in table I. Unalloyed chromium and molybdenum and the chromium-rhenium (Cr-Re) and molybdenum-rhenium (Mo-Re) alloys were prepared by nonconsumably a r c melting 70-gram charges followed by drop casting into a water-cooled copper mold. Iodide chromium and electron-beam-melted rhenium were used for Cr-Re alloys.
High purity Mo and Re powders were used for Mo-Re alloys. Tungsten alloys were perpared by electron-beam melting pressed and sintered electrodes of high purity powders of tungsten and rhenium. Ingots were fabricated to rods by extruding and swaging. Analyzed rhenium contents and typical interstitial contents are listed in table I.
Cubic specimens approximately 7 millimeters on a side were cut from Cr-Re and Mo-Re cast ingots. Specimens approximately 8 millimeters in diameter by 4 millimeter high were cut from tungsten-rhenium (W-Re) swaged rod. Specimens were annealed at 0.7 Tm of the parent metal in order to produce equiaxed, strain-free specimens. As a final preparation specimens were given a metallographic polish on the face to be used for hardness impressions. grains. Test temperature was selected based on fraction of the melting point of the parent metal and nominally covered the range from 0.02 to 0.2 Tm. Rhenium contents ranged from zero up to approximately the maximum high-temperature solubility of rhenium in the group VIA metals (refs. 10 to 15) which as noted in figure 2 corresponds to 45 atomic percent in chromium, 40 atomic percent in molybdenum, and 35 atomic percent in tungsten.
RESULTS
Composition Dependence of Hardness
Hardness data are summarized in table 11 for the three alloy systems investigated. Figure 3 shows the effect of rhenium content on hardness in the group VIA metals. Alloy softening, characterized by a decrease in hardness with increase in rhenium content, is observed to be similar for the three alloy systems.
Alloy softening is observed at homologous temperatures less than 0.14 in Cr-Re and Mo-Re alloys and less than 0.16 for W-Re alloys. Also of interest in figure 3 is the relatively low hardness of the alloys at 77 K compared to the unalloyed metals. Hardnesses of even the more concentrated alloys were less than those of the unalloyed group VIA metals.
It should also be noted in figure 3 that the rhenium content required to produce a hardness minimum diminishes rapidly as test temperature is increased. Figure 4 illustrates the dependence of rhenium content at the hardness minimum on temperature expressed as a fraction of the melting point. The similarity of the hardness minima locations in all three systems is a further indication that the group VIA metals are similar in alloy softening behavior when alloyed with rhenium.
Temperature Dependence of Hardness
The temperature dependence of hardness for group VIA rhenium alloys is illustrated in figure 5 . A similar response to temperature is noted for the three alloy systems. A t rhenium concentrations less than about 16 atom percent, hardenss is observed to increase rapidly as test temperature decreases. In contrast, alloys in all three systems with rhenium contents from 16 atom percent to the maximum solubility of rhenium in group VIA metals exhibited a smaller increase in hardness as test temperature decreased. 
Correlation Between Hardness and Yield Stress
A comparison was made of hardness and yield stress for several Mo-Re alloys to determine if hardness is proportional to the flow strength of the alloys investigated.
Specimens of molybdenum alloyed with 0, 2, 6, and 8 atom percent rhenium were tested in tension over the temperature range used for hardness tests. The hardness and yield figure 6 (a) as ratios to the hardness o r yield stress at room temperature (300 K). The curves are drawn to average both sets of data. There is good agreement between the temperature dependence of hardness and yield stress for Mo-Re alloys. 
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dependency of hardness and yield stress. Tensile data were not available for Cr-Re alloys and no comparison was made for this system.
The practical significance of the correlation between hardness and yield stress is that simple hardness test may be used to characterize the temperature dependency of flow stress for group VIA metals and alloys and presumably other bcc metals at low temperatures.
DISCUSSION
In the preceding section alloy softening was observed in group VIA metals alloyed with rhenium as characterized by a decrease in hardness with increase in rhenium content at homologous temperatures less than 0.16 and for rhenium contents less than 16 atom percent. The purpose of this section is to analyze the hardness data in t e r m s of alloy softening and hardening and to correlate hardness with temperature and rhenium concentration. I The hardness data presented in figure 3 suggest that the rate of alloy hardening may be separated from other factors influencing hardness by considering the hasdness as a function of rhenium content curves in figure 3 at temperatures greater than 0,16 Tm. Hardening only is observed at these temperatures, and it is assumed that hardness is fully controlled by alloy hardening with no contribution from alloy soft-. ening. It is further assumed that, at temperature less than 0.16 Tm, alloy hardening controls the hardness behavior of the alloys having rhenium contents in excess of the rhenium concentrations at the hardness minima since the hardening rates appear to parallel the hardening rates at temperatures greater than 0.16 T, .
A schematic representation of the hardness behavipr of the alloys at Tm < 0.16 Tm is shown in figure 7 .
Alloy hardening HH is noted to increase monotonically with rhenium content while'alloy softening HS decreases monotonically with rhenium content. The measured hardness H curve is the higher of the alloy softening o r alloy hardening curves. Thus, it appears that hardness behavior of group VIA rhenium alloys at temperatures less than 0.16 Tm is controlled by two separate and distinct effects.
Correlation of Hardness with Temperature and Rhenium Content
The temperature dependence of hardness was illustrated in figure 5 for the three alloy systems investigated. The primary point of interest is the reduction in the temperature dependence of hardness as rhenium is added to group VIA metals. At low temperatures and low rhenium contents there is a sharp increase in hardness as temperature decreases. A t higher tempratures, for the group VIA metals alloyed with up to approximately 16 atom percent rhenium, the temperature dependence is much lower and comparable to the more concentrated alloys over the entire temperature range.
The change in hardening rate with decreasing temperature is illustrated more clearly in figure 8 where hardness is plotted against T112. It is observed that plots of H against T112 for the dilute alloys can be separated into two linear portions. The discontinuity occurs at lower temperatures as rhenium content increases until at approximately Cr-22Re7 Mo-13.9Re7 and W-15.4Re7 a liner relation exists between H and T112 over the entire temperature range. The temperature where the discontinuity occurs for dilute alloys will be disignated Ts.
A t temperatures less than Ts hardness is very temperature sensitive while at temperatures greater than Ts hardness is much less sensitive to temperature. A s will be discussed later, alloy softening occurs at temperature less than Ts while alloy hardening occurs at temperatures greater than Ts. Hardness data, divided by bulk modulus E (see table) , at temperatures less than T in figure 8 are plotted against rhenium content c as shown in figure 9 (a). The where HSt is the hardness at zero rhenium content softening is observed and the slope n is a constant. figure 9(a) (HSt/E) are plotted against square root of homologous temperature. Chromium and tungsten alloy data are noted to fit a least squares line reasonably well while the Mo alloy data lie slightly below the line representing an average of the data. A complete relation between H, c , and T can now be written for alloy softening of the form where HE is the extrapolated hardness at 0 K for the unalloyed metals in the alloy softening region and the slope p is a constant. The values of H : , n and p are 22.6, -0.34, and -50, respectively. Alloy hardening data represented by the resultant hardnesses HH at temperatures greater than Ts in figure 8 can also be correlated with rhenium content and temperature. In figure lO(a) hardness divided by modulus H /E is plotted against square root of rhenium content. The slopes were determined by a least squares fit of the data and averaged. Lines having a common slope were then drawn through the data. At low temperatures and at high rhenium contents agreement is good. At high temperatures and low rhenium contents, especially for the Mo-Re alloys, considerable departure from the straight line exi sts. This suggest that alloy softening may still be affecting the hardness in this region. The alloy hardening data fit a relation of the form 
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where Hf is the extrapolated hardness at 0 K for the unalloyed metals in the alloy hardening region and the slope s is a constant. The values of Ho/E, m and s are  9.8, 1.4, and -18.4 , respectively. H Alloy softening and alloy hardening can thus be related empirically to c and T by equations (2) and (4). It is postulated that equations of this type can be used to predict whether alloy softening o r alloy hardening can be expected at a selected alloy composition and temperature f o r other group VIA alloys. By sustituting for T and c in equations (2) and (4) the higher hardness indicates which equation is valid for the selected conditions and therefore whether softening o r hardening occurs. The equations should make it possible to fully characterize the hardness behavior of an alloy system by preselecting only a few critical compositions and temperatures to investigate, thus reducing the amount of experimental work required.
Mechanisms of Alloy Softening in Group VIA Metals
The current results show that alloy softening in group VIA rhenium alloys characterized by a substantial reduction in hardness is accompanied by a sharp temperature dependence of hardness. Alloy hardening in contrast is accompained by only a lesser temperature dependence of hardness. A reduction in yield stress can also be obtained in group VIA metals by purification as a result of electron-beam zone melting. Lawley, Van den Syke, and Maddin (ref. 18 ) and Koo (ref. 19) have shown that for molybdenum and tungsten, respectively, increasing from 1 to 5 o r 6 zone melting passes substantially reduces the yield stress. More recently Stein (ref. 20) has shown that zone-melting molybdenum followed by zirconium hydride purification leads to a decrease in temperature dependence of yield stress with increasing purity where carbon w a s postulated to be the hardening element that was removed. These results coupled with results of Smialek Webb, and Mitchell (ref. 21) and Ravi and Gibala (ref. 8) in group VA metals cannot be explained by a theory based on a Peierls force since it is assumed that the thermal component of stress is independent of purity o r structure. The preceding authors have attributed alloy softening in group VA alloys to scavenging of interstitial impurities by solute additions.
Evidence for similar scavenging of impurities in group VIA metals is afforded by field ion microscopy study by Novick tude greater than in molybdenum o r tungsten. In addition, chromium cannot be purified by electron beam melting in high vacuum because of its high vapor pressure. Therefore, interstitial impurities are normally at a much higher level in a r c melted chromium than in electron beam melted molybdenum or tungsten. It would be expected that if scavenging of interstitials by rhenium were the operating mechanism much more rhenium would be required to be as effective in chromium as in molybdenum or tungsten because of the greater concentration of interstitials in chromium. However, it was observed in figures 4 and 9(b) that alloy softening upon adding rhenium to group VIA metals is quite similar pointing to an inherent property such as electron structure which in turns determines the magnitude of the Peierls stress.
The similarities in phase diagrams shown in figure 2 can be attributed to the electron structure of the transition metals (ref. 29) . Alloys with equivalent electron structures may be expected to exhibit similar mechanical properties. Stephens and Klopp (ref. 30) have indeed shown that alloy hardening in chromium containing additions of rhenium, ruthenium, iron, cobalt, iridium, osmium, o r manganese up to 50 atom percent solute can be correlated with the number of valency electrons per atom contributed by the solute atoms. It may thus be possible that initial alloy softening may be associated with electron structure of bcc transition metal alloys as well.
CONCLUSIONS
A study of low-temperature hardness behavior of group VIA metals alloyed with rhenium in quantities ranging from zero to maximum solubility in chromium, molybdenum, and tungsten has yielded the following conclusions:
1. Alloy softening is similar in all three systems, occurring at temperature less than 0.16 T m and at rhenium concentrations less than about 16 atom percent.
at a common rate for all three alloy systems as test temperature is increased.
2. The rhenium content required to produce a hardness minimum diminishes rapidly 3. Hardness is highly temperature sensitive for alloys exhibiting alloy softening and less temperature sensitive for alloys exhibiting alloy hardening.
4. Alloy hardening is similar in all three alloy systems occurring, over the entire temperature range investigated for alloys containing greater than 16 atom percent rhenium.
5. In group VIA-rhenium alloys, alloy softening is believed to be controlled by electron structure.
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